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Abstract 
We present a comprehensive characterization of the physical, mineralogical, 
geomechanical, geophysical and hydrodynamic properties of Corvio sandstone. This 
information, together with a detailed assessment of anisotropy, is needed to 
establish Corvio sandstone as a useful laboratory rock-testing standard for well-
constrained studies of thermo-hydro-mechanical-geochemical coupled phenomena 
associated with CO2 storage practices and for geological reservoir studies in 
general. More than 200 core plugs of Corvio sandstone (38.1 and 50 mm diameter, 
2:1 length to diameter ratio) were used in this characterization study, with a rock 
porosity of 21.7 ± 1.2%, dry density 2036 ± 32 kg m-3, and unconfined compressive 
and tensile strengths of 41 ± 3.28 and 2.3 ± 0.14 MPa, respectively. Geomechanical 
tests show that the rock behaves elastically between ~10 and ~18 MPa under 
unconfined conditions with associated Young’s modulus and Poisson’s ratio of 11.8 
± 2.8 GPa and 0.34 ± 0.01, respectively. Permeability decreases abruptly with 
confining pressure up to ~10 MPa and then stabilizes at ~1 mD. Ultrasonic P- and S-
wave velocities vary from about 2.8 to 3.8 km s-1 and 1.5 to 2.4 km s-1, respectively, 
over confining and differential pressures between 0.1 - 35 MPa, allowing derivation 
of associated dynamic elastic moduli. Anisotropy was investigated using oriented 
core plugs for electrical resistivity, elastic wave velocity and attenuation, permeability 
and tracer injection tests. Corvio sandstone shows weak transverse isotropy 
(symmetry axis normal to bedding) of <10% for velocity and <20% for attenuation.  
 
Key words: Corvio sandstone, weak anisotropy, wave velocities, strength, 
permeability, CO2 storage, EOR.
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1 Introduction 
The injection of reactive fluids like CO2 into geological formations for enhanced 
oil recovery (EOR) or carbon capture and storage (CCS) has been widely studied in 
the recent past. Before implementing CO2 injection on large scale sites, it is crucial 
to assess the viability of the host geological strata. The main concern is that CO2 
injection could trigger a series of interlinked phenomena that affect the physical (or 
mechanical) and hydraulic properties of the reservoir, its seal, and even the 
cementing materials used in wellbores (Hangx et al. 2010; Kutchko et al. 2008; Liu et 
al. 2012; Rutqvist 2012; Song and Zhang 2012). Because water (brine) is always 
present in the rock pore space, the forced injection of CO2 (whether in gas, liquid or 
supercritical state) induces significant acidification that leads to the onset of reactive 
processes, especially in the presence of carbonate or carbonate-bearing rocks (Le 
Guen et al. 2007; Gaus 2010; Vialle and Vanorio 2011). Siliciclastic formations are 
not expected to react significantly following the injection of CO2–rich fluids, although 
the presence of lesser amounts of reactive minerals may play a significant role in 
their geological storage performance (Canal et al. 2013; Sim and Adam 2015). 
Hence, brine saturated sandstone reservoirs are the preferred targets for CO2 
storage because of their low reactive potential and high storage capacities.  
The successful assessment of suitable reservoir formations relies heavily on an 
adequate understanding of the thermal, hydrodynamic, mechanical and geochemical 
(THMG) coupled processes that occur during injection and the resulting fluid-rock 
interactions. Typically, laboratory studies of reservoir and seal formation rocks are a 
major input to the assessment process. The limited availability (or even absence) of 
in situ samples is commonly solved by using rock analogues to the ones found in the 
target reservoir. A significant amount of literature can be found on the use of rocks 
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with well-known properties for conducting a range of laboratory tests (strength, 
permeability, etc.), to understand the behaviour of reservoir core flooding or to check 
instrument performance (Churcher et al. 1991). Also, in recent years, digital rock 
physics has evolved rapidly through the increasing resolution of X-ray computed 
tomography (CT) imaging , and has become a valuable tool for quick, non-
destructive assessment of many rock properties (Andrä et al. 2013). However, these 
digital imaging techniques still require standard rock samples for calibration 
purposes and complementary destructive/non-destructive tests.  
The specialist literature includes a wide number of reference rock materials 
used in many research works so that they now constitute de facto standard materials 
within the discipline of rock mechanics/rock physics. Among many other rocks, 
Berea sandstone ( Krevor et al. 2012; Pini et al. 2012; Akbarabadi and Piri 2013; 
Nakagawa et al. 2013; Oh et al. 2013;), Tako sandstone (Xue and Ohsumi 2004; 
Xue and Lei 2006; Lei and Xue 2009; Nakatsuka et al. 2010) Bentheim sandstone 
(Klein et al. 2001), Bleurswiller sandstone (Fortin et al. 2005),  Fontainebleau 
sandstone (Fredrich et al. 1993; Song and Renner 2008), Donnybrook sandstone 
(Mikhaltsevitch et al. 2014) and Navajo sandstone (Lu et al. 2011) have been used 
to investigate CO2 injection in sandstone reservoirs, as well as for general reference 
materials in the petroleum industry. However, despite their widespread use and 
availability, none of them can be considered to be truly traceable standard materials 
because they display significant heterogeneity and anisotropy (although these are in 
themselves valid properties). Indeed, most sedimentary rocks of interest in 
exploration geophysics are considered to be weakly anisotropic, i.e., with less than 
20% anisotropy (Thomsen 1986). Sample heterogeneity is the greater problem 
because of what constitutes a representative laboratory sample volume for valid 
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upscaling of measured properties to large geological formations. The key point is 
that both heterogeneity and anisotropy must be accurately quantified for a valid 
standard material, not always achieved in the above mentioned works. 
Sample anisotropy can be assessed from the contrast in P- and S- wave 
velocities propagating in directions orthogonal and parallel to bedding planes 
(Thomsen 1986; Wang 2002; Schubnel et al. 2006; Martínez and Schmitt 2013), and 
similarly for P- and S-wave attenuation (Q-1, the reciprocal of the quality factor Q; 
Zhu and Tsvankin 2006; Best et al. 2007; Zhu et al. 2007; Chichinina et al. 2009). 
Electrical resistivity (Ellis et al. 2010) and magnetic susceptibility (e.g. Louis et al. 
2004) have also been employed for this purpose. Although weak anisotropy can lead 
to negligible effects in some instances (Thomsen 1986), especially at the laboratory 
scale, it can be significant for the accurate calibration of geophysical techniques, 
fluid transport phenomena (e.g., fingering) and when studying THMG coupled 
processes. 
Corvio sandstone was chosen as a local reference material during the 
commissioning a CO2 injection pilot plant in Northern Spain (Alcalde et al. 2014). In 
this paper, we present a comprehensive laboratory characterization of the properties 
of Corvio sandstone including anisotropy. The aims of this work is to summarize the 
most relevant physical, chemical, geomechanical and hydrodynamic properties of 
Corvio sandstone to provide a baseline database for subsequent studies, and to 
identify the extent and magnitude of anisotropy to inform studies of its possible 
impact on THMG coupled processes associated with CO2 storage in siliceous 
sandstone reservoirs.  
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2 Materials and Methods 
2.1 Corvio Sandstone 
Corvio sandstone (CS) forms a c. 20 m thick unit (Corvio Formation) that 
appears in the top section of the Frontada Formation (Campoó Group; Lower 
Cretaceous) located in Northern Spain in the southern margin of the Basque-
Cantabrian Basin. It is composed of siliceous sandstones and conglomerates. It 
displays decimetric to metric trough-type cross bedding associated with braided 
fluvial channels (Hernández et al. 1999). A total of 228 cylindrical plugs of diameter 
38.1 and 50 mm, with an approximately length to diameter ratio of 2.0, were cored 
from four blocks (dimensions 0.3 x 0.2 x 0.5 m) of Corvio sandstone, orthogonally to 
the three independent surfaces of the sample block (arbitrarily denoted as X, Y, Z). 
Onwards, we denote samples as X-, Y- and Z-plugs to refer to the corresponding 
coring direction. The core plugs were carefully trimmed to meet geometric standards 
for rock mechanics studies (ISRM 1983).  
2.2 Physical and chemical characterization  
Knowledge of the physical and chemical properties of Corvio sandstone is 
important for CO2 injection studies, since CO2 is a reactive fluid whether in a liquid, 
gaseous or supercritical state. Hence, core chips were employed to determine   
mineralogy, density, porosity and pore size distribution.  
The following techniques were used: X-ray diffraction and fluorescence (XRD 
and XRF; Siemens D5000 and Bruker-AXS S4 Pioneer, respectively); 
thermogravimetric analysis; differential thermal analysis and outgas analyses via 
Fourier transform infrared spectroscopy (TGA-DTA-FTIR; TA Inst. SDT 2960 
coupled to Bruker Vector 22), which also provide information on water evaporation 
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mechanisms under controlled heating (Barrientos et al. 2010); Brunauer-Emmett-
Teller (BET, Micromeritics Gemini VII 2390a) specific surface area; scanning 
electron microscopy coupled to energy dispersive microanalysis (SEM-EDS, JEOL 
JSM-6400); petrography (Olympus BX51); He pycnometry (Quantachrome Ultrapyc 
1200e); Hg porosimetry (Quantachrome Poremaster-60); and X-Ray CT-scans 
(XRadia MicroXCT-300). A total of 10 samples were used to assess the statistical 
significance of the measured properties. 
2.3 Mechanical characterization 
The long-term integrity of CO2 repositories is linked to the potential mechanical 
deformation induced during the injection process. The mechanical stability of 
reservoirs is addressed through geomechanical modelling. The accuracy of these 
models depends on the available information about stresses and rock mechanical 
properties, based on geomechanical studies. This is crucial to identify the linear 
elasticity field from which static elastic moduli of the rock are calculated; but also to 
quantify deviations from perfect linear behaviour associated with compliant fractures 
and pores (Angus et al. 2010).  
Geomechanical tests were performed on a total of 28 cylindrical plugs 
(diameter 50 mm; length to diameter ratio ~2) of Corvio sandstone, which were 
prepared to meet the recommendations of the International Society for Rock 
Mechanics (ISRM 1978; ISRM 1983):  11 for tensile strength (Brazilian test), 10 for 
unconfined compressive strength (UCS) and 6 for confined compressive strength 
(CCS).The tests were carried out using a MTS 815 testing system located at the 
facilities of the Rock Mechanics Laboratory (LaMEROC) of the University of A 
Coruña (Figure 1). During compressive strength tests, the axial strains were 
recorded with a dual-averaging knife-edge type extensometer, while the lateral strain 
8 
 
was measured using a circumferential chain-type extensometer. Some plugs were 
equipped additionally with four 350  strain gages (two axial and two radial). Tensile 
strength was calculated indirectly (Brazilian test) by applying radial compression to 
induce tensile stresses in a thin discs of rocks (Bednárik and Kohút, 2012; Cai, 2010; 
Hakala et al., 2007). 
Based on the measured stress-strain information, we computed the static 
elastic moduli according to ASTM (2007), and the critical stress states as presented 
in Hakala et al. (2007). Tangent Young’s modulus (E) and Poisson’s ratio () were 
calculated at the strength level equal to 50% of UCS. The slope of the stress-strain 
curves was determined as the first derivative at a stress value equivalent to 50% of 
the peak strength, using a 3rd degree polynomial approximation. We also determined 
the characteristic stress levels describing the brittle behaviour of the rock, based on 
the work presented by Martin and Chandler (1994), further developed by Lau and 
Chandler (2004), Cai ( 2010) and Nicksiar and Martin (2012). These stress levels are 
known as crack closure stress (cc), crack initiation stress (ci), crack damage stress 
(d) and failure (or peak) stress (f). The crack closure stress corresponds to the 
load level up to which the strain occurs as a result of pore compaction and compliant 
crack closing. 
2.4 Elastic waves  
There is widespread use of seismic methods to monitor CO2 movement and 
distribution in reservoir formations. Seismic properties of rocks are pressure-
dependent, and so elastic wave velocities were measured on dry and water-
saturated Corvio sandstone samples over a wide range of confining pressures, both 
under hydrostatic and non-hydrostatic conditions. These velocities were also 
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employed to compute the corresponding dynamic moduli (Edyn, dyn, Kdyn and dyn) 
assuming isotropic homogeneous materials and standard relationships (e.g. Batzle 
et al. 2006; Rae et al. 2007). 
Ultrasonic wave velocities (Vp, Vs1 and Vs2: P-wave, fast S-wave and slow S-
wave, respectively) were measured on 38.1 mm diameter core plugs with the aid of a 
pair of ErgoTech compression platens both equipped with one P-wave, and two 
orthogonally polarized S-wave, 1.3 MHz PZT transducers in pulse-transmission 
mode; time-of-flight was determined by picking first breaks (LaMEROC). The 
ultrasonic pulse-echo technique was used at the National Oceanography Centre, 
Southampton (NOC) on 50 mm diameter plugs, as presented in McCann and 
Sothcott (1992).   
2.5 Permeability  
Permeability is pressure-dependent and controls the rate of fluid advance 
through the reservoir formation. When mixed phase fluids (e.g., brine and CO2) are 
injected into a porous medium, the permeability to water (absolute permeability or 
hydraulic conductivity) is needed to calculate the relative permeability curves of the 
corresponding fluids. Hence, we measured the absolute permeability to water for 
different pairs of hydrostatic confining and pore fluid pressures. Permeability was 
determined by the steady state flow method (i.e., Darcy’s law) using water. We 
assumed a homogenous contribution to the flow of the full core cross-sectional area, 
and the absence of hydro-mechanical end-effects (Nguyen et al. 2013). In short, the 
ratio of volumetric flow rate, Q (m3 s-1), to the pressure drop, P (Pa), between the 
inlet and outlet of a sample of cross sectional area, A (m2), and length, L (m), for a 
fluid dynamic viscosity,  (Pa s), is related to absolute permeability, k (m2), through 
the expression: 
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   (1) 
The equipment used to conduct these tests combines a high pressure Hassler 
(LaMEROC) or Hoek-Franklin-type (NOC) core holders together with a number of 
high-pressure, high-resolution syringe pumps (ISCO 100DX, Quizix SP-5400, GDS 
ADVDPC) for maintaining confining pressure and fluid injection rates. Confining and 
pore pressure were continuously monitored with several pressure transducers 
(Keller-Drück series 33X). The system was configured to set a constant pore 
pressure gradient, while recording the flow rate upstream and downstream of the 
sample. For permeability calculations, only the steady flow condition was considered 
within a single step. 
2.6 Anisotropy assessment 
Assessing the potential of Corvio sandstone as a reference material requires an 
evaluation of how the main properties of the rock vary with orientation. Hence, we 
used a multicore approach similar to that described by Louis et al. (2004). We cored 
additional 38.1 and 50 mm diameter plugs orthogonal to the three independent 
surfaces of the sample block (arbitrarily denoted as X, Y, Z), trimmed to a length-to-
diameter ratio of 2 and 0.4, respectively. Dry ultrasonic measurements were 
conducted at LaMEROC (pulse-transmission method) on long core plugs, including a 
set of measurements on three orthogonal plugs whereby the samples were rotated 
20º stepwise around the longitudinal axial under minimum loading (~1 MPa) to 
ensure good coupling between the platen and sample. This results in 9 
measurements per core plug and a total of 27 for the three X-, Y-, and Z-plugs. Long 
plugs were also used for permeability assessment and tracer injection tests. 
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Dry and fluid saturated short plugs were used for the pulse-echo technique at 
NOC for different combinations of confining and pore pressure. Short plugs were 
also employed to assess the dynamic coefficients, permeability and bulk electrical 
resistivity.  
As a preliminary step, unconfined dry ultrasonic velocity was measured to 
assess weak anisotropy in the samples of interest. Based on these results, we 
designed two main sets of experiments to better characterize the observed 
anisotropy: (i) combined electrical resistivity, ultrasonic velocity and permeability on 
brine-saturated plugs under nearly hydrostatic confining conditions at NOC; (ii) tracer 
injection tests at LaMEROC. 
P-wave velocity and attenuation, electrical resistivity and permeability were 
together analysed on three short orthogonal brine saturated samples using the 
experimental rig at NOC described in Falcon-Suarez et al. (2014). This rig employs a 
triaxial cell with a specially adapted rubber sleeve with a 16-electrode array, and 
bespoke data acquisition systems and software developed at the NOC. This enabled 
the determination of the full 9-component resistivity anisotropy tensor without bias 
from measurements on a single core sample (North et al. 2013; North and Best 
2014). Because we employed a set of orthogonal plugs, we can also compare the 
equivalent isotropic resistivity by fitting a homogeneous, isotropic model to the 
resistivity data. This yields a crude estimate of the overall resistivity of the sample, 
although it must be acknowledged that this is biased by the geometry of the 
electrode array and the measurement protocol. 
The combined electrical resistivity, ultrasonic P-wave velocity and attenuation, 
and permeability experiments (referred as RuVAK tests) were performed at room 
temperature on three 50 mm diameter, 20 mm length plugs (X-plug porosity = 0.23; 
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Y-plug  = 0.21; Z-plug = 0.22). The test procedure consisted of a drainage steady 
state flow test, setting a constant upstream flow of 0.5 cm3 min-1 and a constant 
downstream pressure of 5 MPa. The pore fluid was 35 g L-1 NaCl brine solution. The 
test was repeatedly conducted for a loading/unloading path of differential pressure 
(Pdiff = c – Pp), by increasing the confining pressure 5 MPa stepwise from 10 to 25 
MPa and back to 10 MPa, while keeping the Pp constant at 5 MPa. Furthermore, 
confining conditions were quasi-hydrostatic (1 3 = 0.5 MPa) to emphasize the 
effect of the anisotropy along the longitudinal axis of each plug. For each 
loading/unloading step, a fluid volume of no less than 10 mL was circulated through 
the sample, corresponding to approximately one pore volume. Permeability was 
continuously monitored based on the final change in pore pressure gradient and 
corresponding flow.  
The tracer tests performed were pulse-type (Shackelford et al. 1999; Ptak et al. 
2004) and are referred to here as TPT tests. The tests used a brackish NaCl solution 
of 1000 S cm-1 as injectate for the three 38.1 mm diameter X-, Y- and Z-plugs 
confined at 10 MPa under hydrostatic conditions. This confining pressure makes 
possible the closing of compliant cracks in order to better assess the relevance of 
small-scale porosity heterogeneities over fluid and solute transport. Rather than 
monitoring a chemical constituent, we continuously monitored the electrical 
conductivity of the effluent using a low-volume, flow-through, temperature-
compensated conductivity sensor (MicroElectrodes Inc. mod. 8-900) coupled to a 
data acquisition system (ELIT 9705c Aqualyser) set to 1 Hz. 
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3 Results 
3.1 Rock characterization 
Corvio sandstone is light grey with occasional purple veins and has a medium 
grain size. It can be classified as a grain-supported quartzarenite with 
microcrystalline silica cement. The mineralogy of the Corvio sandstone is 
summarized in Table 1. Based on X-ray diffraction, the main mineral constituents are 
quartz (~94 wt. %) with subordinated kaolinite (~3.5 wt. %) and K-feldspar (~1.7 wt. 
%). Trace amounts of ilmenite (~0.2 wt. %) were observed in the CT scans, while 
~0.5 wt. % of carbonates, ~0.5 wt. % of hydrated minerals and <0.05 wt. % of C, N 
and S-compounds are inferred from the TGA-DTA-FTIR (Figure 2; weight loss 
sensitivity 0.1 g or 0.0002%). The rock typically comprises sub-rounded quartz 
grains, is well sorted with an average grain size around 0.15 - 0.3 mm. In the studied 
samples, fossils comprised scarce cm-sized spots with remnants of tree debris 
(Hernández et al. 1999).  
The average BET specific surface is 1.09 ± 0.07 m2 g-1 (n = 12) while porosity 
and dry density are 21.7 ±1.2 % (n = 224) and 2036 ±32 kg m-3 (n = 227) on average 
(Figure 3a - b). Available BET sorption/desorption isotherms show low hysteresis 
and correspond to the IUPAC's Type III (Rouquerol et al. 1994). This is typical of 
macroporous absorbents with weak surface affinity. The values obtained are 
comparable with that reported for the Berea (Zhan et al. 2010) and other 
sandstones. 
From mercury porosimetry, we observed pore sizes from 0.1 to 1000 m with a 
median pore size of ~20 m (Figure 4a). Additionally, 3D and 2D-sections from the 
CT-scanner (Figure 4b) revealed that, although pores tend to show an equant 
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shape, some larger open areas can be distinguished. These may lead to a compliant 
behaviour upon loading as confirmed by the stress-strain results presented below.  
3.2 Rock strength and stress-strain behaviour 
The mean tensile strength of Corvio sandstone is 2.3 ± 0.14 MPa, while UCS is 
41.15 ± 3.28 MPa. Drained CCS values vary according with confining pressure (see 
Table 2). Figure 5 illustrates the corresponding strength envelope based on the 
Hoek-Brown model (Hoek and Brown 1980; Hoek et al. 2002) according to equation 
2, which results in a mb value of 13.2 by setting the s and a constants to 1 and 0.5, 
respectively (mb, s and a are the Hoek-Brown material constants): 
a
c b
c
m s31 3

  

 
   
 
   (2) 
Static moduli were computed from the stress-strain curves from the UCS tests. 
For such conditions, the static Young’s modulus (E) and Poisson’s ratio () are 11.8 
± 2.8 GPa and 0.34 ± 0.01, respectively; however, under confined conditions, E 
increases slightly (15.2 ± 2.8 GPa), while  remains unchanged. 
 A further study of the stress levels presented by Corvio sandstone, shown in 
Figure 6, reveals that crack closure occurs up to a stress level, cc, of 9.7 ± 1 MPa. 
With increasing stress, the rock shows elastic behaviour to a maximum value of 17.7 
± 2.3 MPa, which corresponds to the crack initiation stress, ci; the crack damage 
onset stress, d, initiates at 26.0 ± 2.4 MPa up to failure (i.e., peak strength, f ). The 
peak strength of Corvio sandstone is consistently attained during the UCS tests at 
41.15 ± 3.28 MPa under uniaxial conditions, although it rises to 222 MPa at 50 MPa 
confining pressure under dry conditions.   
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3.3 P- and S- wave velocities 
Vp and Vs velocities were axially measured on 50 mm diameter X-plugs 
following a loading/unloading path from 0.5 to 35 MPa; the pressure steps were 2.5 
and 5 MPa for non-hydrostatic and hydrostatic conditions, respectively. Figures 7a - 
b show wiggle-trace plots corresponding to the change in Vp and Vs of Corvio 
sandstone for 5 MPa steps, following the display used by Njiekak et al. (2013). We 
observe that, when increasing confining pressure, both velocities increase from 2.92 
to 3.69 km s-1 and 1.51 to 2.09 km s-1, respectively. Below 10 MPa, the loading effect 
follows an exponential curve consistent with the previously described crack closure 
stress stage, an effect that has been reported or inferred from experimental data in a 
number of works (Asef and Najibi 2013; King 1983; Mikhaltsevitch et al. 2014; Xu et 
al. 2006). The unloading path is slightly different from the loading one, with higher 
average velocities. This hysteresis is associated with irreversible damage suffered 
by the rock above the ~18 MPa limit associated with the crack initiation stress (Fortin 
et al. 2007; Xu et al. 2006).  
Figures 8a - b illustrate the Vp and Vs curves obtained under non-hydrostatic 
conditions by increasing the axial load while keeping constant the radial confining 
pressure (i.e., increasing the deviatoric stress). We observe that for low load (<10 
MPa) and low confining pressure (0.1 MPa) there is a significant dependence of 
velocity with stress. This effect becomes less pronounced above 10 MPa loading, or 
at higher confining pressures. That means that closing of compliant cracks and pore 
compaction must be kept in mind when considering the ultrasonic characterization of 
plugs in the laboratory (Asef and Najibi 2013; King 1983).  
Based on the previous elastic wave velocities and the dry density of the 
samples, we calculated the dynamic moduli of the rock: Young’s modulus and 
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Poisson’s ratio (Edyn anddyn; Figure 9a - b), and the bulk modulus and shear 
modulus (Kdyn and Gdyn; Figure 10a - b). Furthermore, comparing dynamic to static 
moduli we observe Edyn is higher than Est while dyn is lower than st, which has been 
largely identified in the past (Asef and Najibi 2013; Eissa and Kazi 1988; King 1983; 
Fjær 2009). The reasons for such differences include the properties of the pore fluid, 
frequency of cracks, the stress path and the inherent difference of strain amplitudes 
between static and dynamic (at ultrasonic frequencies) methods (Blake and Faulkner 
2016; Fjær et al. 2013). In our case, the static moduli are determined at the stress 
level equal to 50% of UCS, laying above the elastic limit of the rock in all the cases. 
In this regard, the use of one single UCS test to determine the sensitivity of static 
moduli to the stress level could be inaccurate, and further studies applying damage 
controlled tests as those used by Fjær (2009) or Lau and Chandler 2004), might 
improve our correlation between static and dynamic moduli.  
3.4 Permeability 
The permeability of 38.1 mm diameter X-type plugs was evaluated with a series 
of 4 consecutive steady state flow tests performed along step wise loading/unloading 
cycles (between 5 and 30 MPa of hydrostatic confining pressure, i.e., c = 1 = 2 = 
3). Each one has a constant pore pressure (Pp, from 1 to 16 MPa), which is 
increased from one to the next to repeat the differential stress sequence (Pdiff = 
cPp). Figure 11 shows that permeability progressively varies from 4 to 0.8 mD 
(~8·10-16 to ~4·10-15 m2) while increasing confining pressure. There is a significant 
drop in permeability once the first loading/unloading cycle is completed, thought to 
be associated with pore closing and crack compliance. The permeability change 
after the 2nd, 3rd and 4th loading/unloading cycles is much smaller, although the Pdiff is 
kept constant along the sequence, which provides further evidence of the permanent 
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deformation of the sample during initial loading due to pore closure. Hysteresis upon 
unloading is relatively small, below 15%. Overall, the observed permeability 
evolution can be attributed to compaction of pore space and favourably oriented 
cracks, already documented in other sandstones (Bernabé 1991; Zhu and Wong 
1996; Ojala et al. 2004). 
4 Anisotropy assessment  
4.1 Exploratory approach 
None of the 4 Corvio sandstone blocks, from which core plugs were taken, 
displayed any clear evidence of heterogeneity (especially cross bedding), and that 
was also the case for the small scale CT X-ray scans. To further investigate the 
existence of anisotropy, we performed an exploratory survey with the plugs sampled 
orthogonally to the three independent surfaces (denoted as X, Y and Z) of the 
parallelepiped sandstone block. Figure 12 shows the vector-distribution of Vp, Vs1 
and Vs2 (transverse to Vs1) resulting from the non-saturated unconfined test in which 
three X-, Y- and Z-plugs were revolved in steps of 20º around their longitudinal axes. 
Calculations show that Vp and Vs (average of Vs1 and Vs2) are 2986 ±18 and 1515 ± 
32 m s-1 for the X-plug; 3289 ± 48 and 1716 ± 21 m s-1, for the Y-plug;  and 3360 ± 
32 and 1729 ± 20 m s-1, for the Z-plug. Hence, Vp in the longitudinal direction of the 
X-plug is ~10% slower than in the Z-plug, and ~8% slower than in the Y-plug. 
Similarly, Vs is about 12% slower in both the Y- and Z-plugs. Further observation of 
the same figure lets us conclude that the rock is transversely isotropic in the 
longitudinal direction of Z-plugs, since the P and S-wave velocities are relatively 
insensitive to rotation, while the X- and Y-plugs are slightly orthotropic. It is worth 
noting that the X-plug shows 90º crossed symmetric values, indicating some sort of 
preferential void alignment perpendicular to the axis. Besides, the difference 
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between Vs1 and Vs2 is a proof of anisotropy, since different velocities along 
different wave paths may imply heterogeneity. The case of the Y-plug is more 
difficult to explain since Vp should be unaffected by axial rotation, but the results 
show the contrary (Vp is higher at 45º).  
4.2 RuVAK tests analysis  
Figure 13a - b show the P- and S wave velocities and corresponding 
attenuation coefficients for the three plugs and how they change with differential 
pressure (Pdiff). As observed in the first exploratory assessment, the X-plug displays 
the lowest VP and VS while the smaller attenuations (Qp
-1 and Qs
-1) correspond to the 
Z-plug. Attenuations for X- and Y-plugs show, however, similar values. In all the 
RuVAK tests, the three samples display consistent trends and similar slight 
hysteresis upon unloading, which suggests a quasi-isotropic mechanical behaviour. 
This behaviour is inferred from Vp and Qp
-1 against bulk electrical resistivity (ER; 
Figure 14), where the three plugs display parabolic trends with parallel symmetry 
axes (i.e., constant Vp :ER and Qp
-1:ER ratios). Likewise, ER seems to be relatively 
unaffected by stress-strain (<10% for an increment of 15 MP in Pdiff) when compared 
to wave velocities, possibly because of the relatively high porosity of the rock (i.e., 
most ionic flow is through large open pores, and relatively insensitive to pressure-
dependent crack-related flow); ER is expected to be more sensitive to pore fluid 
electrical conductivity changes. This observation is highly relevant when considering 
reactive transport phenomena which imply changes in the electrical conductivity of 
the fluid or the replacement of the resident fluid by some other, for instance CO2 
(e.g. Alemu et al. 2013).  
Figure 15 shows the change in resistivity and permeability during the RuVAK 
tests performed with the oriented plugs. We observe that both parameters slightly 
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vary with Pdiff (<10%) and, as expected, they show opposite trends, i.e., pore 
compliance results in an increase in ER but a decrease in permeability. However, the 
relative difference among the three directions reaches ~18% for ER and up to 80% 
for permeability, with the plane defined by the X- and Z-plugs showing the greatest 
degree of anisotropy. The permeability values obtained during the RuVAK tests 
coincides with the previous assessments when Pdiff and c are above 5 and 10 MPa, 
respectively (Figure 11). The X-and Z-plugs have the highest and lowest 
permeability values, respectively, although the difference between them is of the 
order of 1 mD. Following the transverse isotropy (TI) model, permeability is lower in 
the direction perpendicular to the bedding surface (i.e., X-plug). The minimum 
permeability in this direction is related to a more variable grain size distribution, 
compaction and pore collapse during burial (Farrell et al. 2014). Similarly, the lowest 
ER is also orthogonal to bedding, which is in agreement with the data reported by 
North and Best (2014) for other sedimentary rocks. The same authors have also 
reported that ER anisotropy in sandstones may reach up to 25%, emphasizing the 
possible importance of anisotropy on the assessment of CO2 storage reservoirs.  
The ER anisotropy has been further analysed by using the approach described 
in North and Best (2014). The process to extract anisotropy from the raw data is 
based on an algorithm that tries to fit a uniformly anisotropic forward model to the ER 
observations, unbiased by preconceptions of the symmetry of anisotropy or the 
orientation of the sample. Figure 16 illustrates the 3D anisotropy tensor ellipsoid (i.e., 
the full 9-component resistivity tensor) associated with the measurements performed 
on each orthogonal plug. In the ideally isotropic case, observations made on 
reciprocal pairs should coincide (e.g., Zx = Xz). However, because we induced a 
small deviatoric stress of 0.5 MPa to emphasize anisotropy evidences, the results 
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are slightly biased along the axial component of each plug. Nonetheless, the high 
degree of sphericity and the small variation of resistivity in absolute terms show that 
the rock is only very slightly anisotropic.  
Based on sedimentary fabric models presented by North et al. (2013), we 
interpret the presence of the following sedimentary structures in Corvio sandstone: 
(i) the X-plugs have bedding orthogonal to the axis of the plug; (ii) the Y-plugs have 
tubular micro-structure slightly oblique to the axis of the plug; and (iii) the Z-plugs 
have laminated micro-structure along the axis of the plug. Based on all the previous 
information, we infer the presence of a weak cross-bedding structure that would 
somehow reflect the macroscale cross bedding previously reported for the Corvio 
sandstone by Hernández et al. (1999).    
The tracer TPT tests also provide an alternative mean to test the anisotropy of 
Corvio sandstone. These tests are significant as they directly emphasize the 
transport properties of the rock, providing information about actual flow-paths and 
fluid-flow through. Hence, it is possible to obtain information on the pore space (and 
transport properties) of the rock from the shape of the breakthrough curve (Ptak et 
al. 2004). It is far from the scope of this contribution to provide a detailed 
assessment of TPT tests although some general ideas can be presented. Assuming 
that the movement of the tracer conforms to piston-type flow, the injection of a 
discrete stepped pulse at the inlet of the sample translates into a tailed bell-shape 
breakthrough curve at its outlet (Fetter 1993). The change from a squared to a, more 
or less pronounced, tailed bell-shape curve depends on the relative importance of 
diffusive/dispersive effects while the tracer is crossing the pore space of the sample.  
The tracer injection tests were repeated up to five times for the X-, Y- and Z-
plugs, obtaining comparable results in each case. Representative breakthrough 
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curves are illustrated in Figure 17. From a merely descriptive point of view, we see in 
our experiments that the faster travel time occurs for the Y-plug and is followed by 
the Z- and X-plugs. The relative height of the peak conductivity has the opposite 
order (highest for the X-plug and lowest for the Y-plug). Because electrical 
conductivity is a conservative tracer in our test (were chemical reactions are 
negligible according to the mineralogy of the rock, at the time-scale of the test) the 
surface area covered by each breakthrough curve is nearly identical.  
Permeability results show that the plug showing the lowest value was the X-
plug. This is consistent with the slowest arrival time of the same orientation in the 
TPT tests. However, the Y-plug has lower k than the Z-plug which is in apparent 
contradiction with the TPT results from the same plugs. Furthermore, if we focus on 
the shape of the Y-plug breakthrough curve, the recession curve shows a 
protuberance (i.e., the trailing limb after the peak value) which points towards a 
double-porosity system. One porosity, well connected, would contribute providing 
fast trackways for tracer transport (also responsible for the early breakthrough) and a 
second one, less well connected, providing a delayed arrival of tracer with a peak 
value (the first inflexion point in the recession curve) located between the peak times 
for the X- and Z-plugs. The double porosity effect on permeability is imperceptible 
since the measurements are conducted in a constant flow mode, so dominated by 
preferential path flows (primary porosity), instead of a single pulse (TDT tests). 
Nonetheless, such a feature is consistent with our previous interpretation of weak 
cross-bedding. 
4.3 Weak anisotropy assessment: detailed approach 
The previous results encouraged the development of a more detailed 
anisotropy investigation. Based on these, we assumed that Corvio sandstone is 
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transversely isotropic (TI), allowing the application of weak anisotropy formulae 
(Thomsen 1986). Accordingly, since Vp is normally lower in the direction 
perpendicular to bedding (King 2009; Martínez and Schmitt 2013; Thomsen 1986; 
Wang 2002), the direction along the X-plug (or vector V) would correspond to the 
symmetry axis, while the isotropic plane containing the Y- and Z-plugs axial 
directions (with velocities about 10% higher) defines the bedding plane (i.e., two 
perpendicular directions to the anisotropy symmetry axis H1 and H2). Then, taking 
the Thomsen’s (1986) notation and equations, it is possible to evaluate the 
anisotropy for P-wave velocity () and S-wave velocity ()  from four of the five elastic 
constants of the material (C11, C33, C44 and C66) as follows: 
   (3) 
   (4) 
where C11 = Vp(H1,2)
2 ; C33 = Vp(V)
2; C66 = Vs(H1,2)
2 ; and C44 = Vp(V)
2. A more 
detailed explanation of the notation and equations is given in Thomsen (1986), Wang 
(2002) and Louis et al. (2004). It is worth noting that we independently compute  
and  for H1 and H2 (i.e., Y- and Z-plugs) since both directions are orthogonal to the 
symmetry axis. In this study we lack a sample cored at 45º, hence the third 
Thomsen’s anisotropy parameter  (Thomsen 1986) cannot be calculated. Likewise, 
to analyse the anisotropy of the rock in terms of P- and S-wave attenuations (Qp
-1 
and Qs
-1), we use the Thomsen-style parameters proposed by Zhu and Tsvankin 
(2006), as presented in Best et al. (2007):    
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The computed velocity and attenuation anisotropies are represented in Figure 
18a - b, as , , Q, Q percentages versus differential stress. The P- and S- wave 
velocity anisotropy parameters and  display similar evolution versus Pdiff, 
decreasing from 12 to 8% and8 to 4%, respectively, when Pdiff increases 15 MPa. 
Furthermore, the changes of and  in the plane defined by the X- and Y-plugs (xy 
and xy) are less pronounced (i.e., less anisotropic) than those observed for the plane 
defined by the X- and Z-plugs (xz and  xz); this suggests that pore compaction is 
more significant along the former plane. Additionally, the low hysteresis observed at 
the end of the unloading path (~2%) would suggest that the reduction of anisotropy 
due to compression is largely controlled by the compliance of equant pores. In this 
regard, the non-linear trends are likely indicating that microcrack-closing is also 
playing a role (Martínez and Schmitt 2013). Nevertheless, our data suggest that all 
core plugs evolve to a more isotropic state when confining pressure is increased as  
and  tend to decrease.        
  The attenuation parameters (Q and Q) show similar trends to those described 
previously for velocities, although Q is positive (<12%) and Q negative (20 – 25%). 
The parameter Q ranges between -5 to 5% for the plane defined by the X- and Y-
plugs, and stays around -10% for that defined by the X- and Z-plugs, without 
showing a clear dependence on Pdiff. As noted by Best et al. (2007), for Pdiff 
increments greater than those used in this study, attenuation anisotropy in 
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sandstones is more sensitive to pressure changes than velocity anisotropy. So that 
P- and S-wave attenuation parameters provide more information about the 
magnitude of the anisotropy. Nonetheless, whether the velocity or attenuation 
anisotropy is considered, Corvio sandstone seems to be weakly anisotropic 
according to Martinez and Schmitt (2013).     
5 Summary and conclusions  
We have reported a comprehensive characterization for Corvio sandstone and 
paid special attention to the assessment of weak anisotropy from a multifaceted 
perspective. The average mineralogy is dominated by quartz (~94%), kaolinite 
(~3.5%) and k-feldspar (~1.7%), which suggests low chemical reactivity when 
submitted to the injection of CO2 or CO2-saturated fluids, at least on short time 
scales. This is useful when trying to focus on thermo-hydro-mechanical processes 
associated to CO2 injection with minimum impact of chemical processes. 
The standard geomechanical characterization also provides relevant 
information. The crack closing stress (which refers to pore compaction and compliant 
crack closing) occurs at 10 MPa while the onset of crack initiation occurs at ~18 
MPa. These values have been indirectly verified by different techniques. Direct 
application of these results implies better assessment of experimental conditions in 
order to reduce undesired effects like enhanced permeability due to non-closed 
cracks at low stress levels, or associated with rock damage induced by high 
stresses. 
  The average permeability of Corvio sandstone varies from 4 to 0.8 mD, 
decreasing with confining pressure. It is worth noting that, within the studied testing 
range, the main process inducing hysteresis in the rock (reflected in the 
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hydrodynamic and velocity responses) is related to pore compaction and compliant 
crack closure below 10 MPa.  
Although no sedimentary structures were detected at block-scale or through the 
X-ray CT-scans, we have developed a multifaceted anisotropic analysis (multicore 
analysis), concluding that Corvio sandstone is weakly anisotropic: ultrasonic P-wave 
velocity anisotropy is <12% (<8% for the S-wave), attenuation anisotropy is < 20%, 
electrical resistivity varies <18% with plug orientation and permeability slightly 
oscillates (±1 mD) depending on the direction considered. Nonetheless, the 
anisotropy is again more significant within the crack closure domain, emphasising 
the importance of considering this mechanical limit when interpreting rock behaviour 
during hydromechanical studies. In addition, the bulk electrical resistivity analysis 
and the tracer injection tests both infer the presence of weak cross-bedding.  
These characterization results constitute a useful baseline for CO2 injection 
studies using this sedimentary rock. Our results are of direct application when 
working with this rock in the laboratory, as they help us: (i) to understand non-
obvious processes such as thresholds for pore compaction, compliant crack closure, 
and physicochemical coupling; (ii) to better calibrate geophysical techniques by 
reducing uncertainty and providing a well-constrained fabric model; (iii) to improve 
experimental design parameters such as stress ranges, plug orientation, and vector 
properties, among others. Furthermore, we want to highlight the importance of weak 
anisotropy when considering naturally homogeneous materials (at least in 
appearance). These observations can be scaled up to field scenarios in order to 
improve reservoir models.  
This comprehensive characterization of Corvio sandstone covers 
geomechanical, geochemical, geophysical and hydrodynamic properties. Together 
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with the detailed assessment of anisotropy presented here, the results indicate that 
Corvio sandstone could be used as a particularly interesting rock-standard to 
improve the understanding of reservoirs subjected to complex thermo-hydro-
mechano-geochemical coupled phenomena, typically associated with CO2 storage 
practices.   
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Table 1. Chemical composition of the Corvio Sandstone as resulting from XRF analysis 
Constituent wt.% Constituent ppm 
Na2O 0.04 Zr 332 
K2O 0.65 Mn 63 
CaO 0.07 Ba 65 
MgO 0.09  Sr 31 
SiO2 93.36 Rb 13 
TiO2 0.32 Ni 3 
Al2O3 4.41 Zn 4 
Fe2O3 0.10 Cu 2 
SO3 0.01 Pb 3 
 
Table 2. Geomechanical characterization of Corvio sandstone.  
Sample  
d  σ3                      σ1 E  
G K 
(kg m
-3
) (%) (MPa) (MPa) (GPa) (GPa) (GPa) 
Confined compressive strength (CoCS) 
    
C91 2026.2 22.1 5 90.6 - - - - 
C78 2030.2 21.9 10 107.3 14.71 0.34 5.48 15.44 
C87 1998.7 23.2 15 129.9 - - - - 
C74 2023.4 22.2 30 153.1 14.62 0.34 5.47 14.99 
T115 2122.5 18.4 38 181.4 17.54 0.34 6.57 17.72 
C64 2052.7 21.1 50 221.9 13.99 0.34 5.23 14.41 
Unconfined compressive strength (UCS) 
    
C1 2008.8 22.7 0.1 36.0 9.33 0.35 3.47 10.08 
C4 2022.7 22.2 0.1 41.1 11.11 0.35 4.11 12.39 
C8 2032.0 21.9 0.1 43.7 12.04 0.35 4.47 13.12 
C11 2021.4 22.3 0.1 43.3 11.09 0.35 4.10 12.65 
C12 2030.9 21.9 0.1 44.4 11.38 0.34 4.25 11.63 
C15 2025.3 22.1 0.1 35.4 19.72 0.34 7.34 20.90 
C21 2035.3 21.8 0.1 41.4 10.81 0.33 4.08 10.36 
C25 2037.5 21.7 0.1 43.7 10.99 0.35 4.08 11.94 
C26 1990.9 23.5 0.1 39.4 9.47 0.34 3.53 10.01 
C32 2032.3 21.9 0.1 42.9 12.03 0.35 4.46 13.29 
Tensile strength (Brazilian) (TS)* 
     
C68-1 2043.5 21.4 3.0 - - - - - 
C68-3 2043.5 21.4 1.8 - - - - - 
C75-1 2020.8 22.3 1.9 - - - - - 
C75-2 2020.8 22.3 2.1 - - - - - 
C75-3 2020.8 22.3 2.7 - - - - - 
C76-1 2016.2 22.5 2.3 - - - - - 
C76-2 2016.2 22.5 1.9 - - - - - 
C76-3 2016.2 22.5 2.4 - - - - - 
C77-1 2035.7 21.7 2.2 - - - - - 
C77-2 2035.7 21.7 2.2 - - - - - 
C77-3 2035.7 21.7 3.1 - - - - - 
* TS = -σ3; Tensile strength is obtained from indirectly from radial compression (Brazilian test) 
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Figure 1. MTS 815 Rock Mechanics Testing System. A, uniaxial configuration and sample (A.1) 
equipped with extensometers dual-averaging knife-edge type (longitudinal deformation) and 
chain-type (circumferential deformation); B and B.1, direct and indirect (Brazilian) tensile 
configurations; C, open-chamber vision of the triaxial configuration and sample (C.1) ready for 
testing (same type of extensometers as the uniaxial configuration). 
 
 
Figure 2. Typical TGA-DTA of Corvio sandstone. The prescribed heating rate was 5 ºK min-1 
from room temperature 20 ºC to 1050 ºC. 
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(a) 
 
(b) 
 
Figure 3. (a) Measured porosity of Corvio sandstone for 227 samples. The line corresponds to 
a normal distribution function; the shadow represents the associated 95% confidence band; (b) 
Measured dry density of Corvio sandstone for 227 samples. The line corresponds to a normal 
distribution function; the shadow represents the associated 95% confidence band. 
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(a) 
 
(b) 
 
Figure 4. (a) Typical pore size distribution of the Corvio sandstone; (b) X-Ray μCT-scan (full 
plug, radial and transversal sections; right) of the Corvio sandstone. 
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Figure 5. Mohr circles corresponding to the different mechanical tests performed: Tensile 
(Brazilian tests), Uniaxial (UCS) and Triaxial (CoCS) with the Corvio sandstone. The computed 
strength envelope, computed from the Hoek-Brown model is also shown. 
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Figure 6. Typical UCS strain-stress curves of the Corvio sandstone and identification of the 
critical stress states. 
 
 
 
(a) 
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(b) 
 
Figure 7. Wiggle-trace plot corresponding to the change in P- (a) and S-wave propagation in 
Corvio sandstone. Loading/unloading test performed under hydrostatic conditions (σ1=σ2=σ3). 
Discontinuous and dotted lines indicate the first pulse arrival during the loading and unloading 
sequence, respectively. 
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(a) 
 
(b) 
 
Figure 8. Vp (a) and Vs (b) versus deviatoric stress (σ1≠σ2=σ3) for different confining conditions 
for Corvio sandstone. 
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Figure 9. Vp (a) and Vs (b) versus deviatoric stress (σ1≠σ2=σ3) for different confining conditions 
for Corvio sandstone. 
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Figure 10. Dynamic Young’s modulus, Edyn (a), and dynamic Poisson’s ratio, νdyn (b), versus 
deviatoric stress for different confining conditions (σ1≠σ2=σ3), for Corvio sandstone. 
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Figure 11. Permeability of Corvio sandstone as resulting from 4 consecutive loading/unloading 
each one of them performed at constant pore pressure. 
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Figure 12. Acoustic wave velocities for the three main orthogonal directions (X-, Y- and Z-plugs) 
of Corvio sandstone, measured at 20º axially-rotating-steps. The measurements were carried out 
under unconfined conditions and a load of 1 MPa. The block-diagram illustrates the orientation of 
each plug. 
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(a) 
 
(b) 
 
Figure 13. P- (a) and S-wave (b) velocity and their respective attenuation factors for the three 
main orthogonal directions (X-, Y- and Z-plugs) of Corvio sandstone of Corvio sandstone. 
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Figure 14. P-wave velocity and attenuation versus bulk electrical resistivity for the three main 
orthogonal directions (X-, Y- and Z-plugs) of Corvio sandstone. 
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Figure 15. P-wave velocity and attenuation versus bulk electrical resistivity for the three main 
orthogonal directions (X-, Y- and Z-plugs) of Corvio sandstone. 
 
 
 
Figure 16. ER anisotropy ellipsoids for the three orthogonal samples of Corvio sandstone (X-, 
Y- and Zplugs). The radius of each ellipsoid and colour are scaled according to the resistivity 
values observed along the axial direction of each plug (subscripts x,y and z refer to the three 
main directions of each sample). 
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Figure 17. Breakthrough electrical conductivity curves corresponding to pulse-injection tracer 
tests performed along the three main orthogonal directions (X-, Y- and Z-plugs) of Corvio 
sandstone. 
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(a) 
 
(b) 
 
Figure 18. P-wave, ε and εQ (a), and S-wave, γ and γQ (b), velocity and attenuation anisotropy 
of the Corvio sandstone. 
 
